I. INTRODUCTION
Micromachines, including microscanning tunneling microscope 1-3 and high force actuators, 4 are examples of a new class of silicon-based microinstruments for atomic scale surface imaging and modification, and submicron scale material investigations. A well-known problem for any instrument, including microinstruments, is their calibration. For many macroinstruments, the calibration scheme is well developed, such as, load cells, available commercially, that calibrate the force generated by loading instruments for material studies. The calibration of newly developed microinstruments, based on microelectromechanical system ͑MEMS͒ technology, is complicated due to their small size. MEMS microinstruments usually consist of a set of actuators that generate force by electrical, thermal, or magnetic actuation. The actuators have a stationary and a movable component, the latter being held by a set of springs ͑usually structural beams͒. During actuation, the movable component moves by deforming the springs. For small motion, the springs behave linearly. For larger motions, frequently encountered in MEMS, the nonlinear terms of the springs become dominant. 5 Thus, calibration of a microinstrument involves evaluation of ͑1͒ the force generated due to a known applied input ͑voltage, temperature, magnetic field͒, and ͑2͒ the spring constants including the nonlinear terms. Note that the microinstruments that are used as sensors may also need calibration. Since calibration must be carried out for each instrument independently, and since the small size scale limits the application of an external calibrating device, hence the calibration mechanism must be designed and integrated with each microinstrument.
In this article, a methodology is developed to calibrate the force generated by microinstruments and their spring constants including the nonlinear terms. The method is based on buckling of a long slender beam of known dimensions, and made of a material of a known elastic modulus. Actuators that generate force, Fϭ␤V 2 , by actuating a set of comb capacitors 6 are considered. Here ␤ is a constant, to be deter- mined, and V is the applied voltage between the movable and the fixed combs. In principle, ␤ϭ⑀ 0 Nh/d, where ⑀ 0 is the permitivity constant, N is the number of comb capacitors, h is the height of the comb capacitors, and d is the gap between them. h and d for the all the combs are usually designed and fabricated identically, but deviation from their design values during fabrication renders ␤ unknown. The restoring force, R, of the actuator spring is given by R ϭ ͚ iϭ1,3,... K i x i , where K i , iϭ1,3,... are the unknown spring constants, to be determined, and x is the actuator displacement. In principle, K i depends on the material properties and the dimensions of the springs. Thus, in principle, K i can be designed by a proper choice of materials and dimensions. However, the deviation of the actual dimensions from the designed values render K i unknown.
The methodology of calibration is demonstrated by fabricating two pairs of microinstruments. Each pair has two identical instruments. Each instrument consists of an actuator with 2000 comb capacitors and a buckling beam for calibration. The pair is first employed to apply torque on a short single-crystal silicon ͑SCS͒ pillar until the pillar fractures. Thus, two pairs fracture two pillars. The cross-sectional areas of the pillars are approximately 1ϫ1 m 2 and 1.5 ϫ1.6 m 2 , measured by a calibrated scanning electron microscopy ͑SEM͒. The applied voltage on the actuators and the angle of twist of the pillars are recorded during the experiment. After the experiment, the actuators are calibrated. Calibration results are then used to evaluate the torque applied on the samples as well as their failure stresses. The torsion experiment is useful for studying the effect of large strain gradients in small samples on material strength.
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II. METHOD OF CALIBRATION: MEASUREMENT OF FORCES AND SPRING CONSTANTS
A. Buckling of a long slender beam
A long slender beam subjected to an axial compressive force buckles when the force exceeds a critical value of
where the constant H depends on the boundary conditions, e.g., Hϭ4 for beams with both ends clamped. is the minimum flexural rigidity, and L is the length of the beam. ϭEI when the beam is made of a single material with modulus of elasticity, E, and with minimum area moment of inertia, I. I depends on the cross sectional geometry, such as Iϭbh 3 /12 for a rectangular cross section with width b and height h. In this article, the fabricated beams have a trapezoidal cross section, and the corresponding I is evaluated ͑see Sec. III͒. If the beam has an initial imperfection, such as being slightly bent, then it does not buckle suddenly under compression, but bends gradually along the transverse direction with increasing load. The transverse deformation increases rapidly with a small increase of load as the load approaches P cr . Buckling of a beam with both ends clamped has been analyzed in Ref. 4 . Here, the analysis is extended. For convenience, the notation adopted in Ref. 4 is used.
Consider the beam in Fig. 1 . Its length, measured along the axis, is L, and its initial imperfection is modeled by its cosine shape with an amplitude /2. L does not change due to buckling. Such assumption is reasonable since the effect of axial shortening on buckling is small. 9 The total deformation of the buckled beam-initial deformation, , plus the deformation due to applied load P-is approximated by a cosine curve with an amplitude D/2. The validity of the cosine shape is verified experimentally later ͑see Sec. VI͒. Let ϭ2/L, s be the coordinate along the beam axis from the point of inflexion C 1 , y 0 (s) and y(s) be the initial and total deflections at s. Then y 0 ϭ͑/2͒sin͑s ͒ and yϭ͑D/2͒sin͑s ͒. ͑2͒
At any section of C 1 C 2 , the internal moment M is related to curvature 8 by
where and 0 are defined in Fig. 1 . Using
The second equality holds when yЈ 2 Ӷ1. Using Eq. ͑2͒ in Eq. ͑5͒ Multiplying both sides of Eq. ͑6͒ by sin(s) and integrating 10 with respect to s from 0 to L/2, and using P cr ϭ4 2 /L 2 , the load displacement relation is obtained:
͑7͒
The relative displacement, ␦, along the axial direction between the end points of the beam after buckling is given by
The accuracy of Eq. ͑7͒ ͓with terms up to (/D) 3 ͔ and Eq. ͑8͒ have been verified by nonlinear 2D finite element ͑FE͒ analysis in Ref. 4 . It is shown that, for a beam, 500 m long, 1 m wide, with ϭ1.5 m, Eqs. ͑7͒ and ͑8͒ show excellent correspondence with FE results as long as DϽ50 m ͑10% of L͒ and corresponding ␦Ͻ10 m.
B. Initial imperfection
So far, imperfection of a long slender beam is modeled by its initial bent shape that coincides with the first mode of buckling with an amplitude . A ''perfect'' beam must be straight, uniform in cross section along the length, have zero net stress on any cross section, and satisfy the required boundary conditions, such as clamped at both ends with zero slope. An imperfect beam buckles under a load less than P cr . For example, an initially bent beam, deforms transversely under compressive load less than P cr , but the rate of deformation with load increases rapidly as the load approaches P cr . Hence the buckling is gradual. Whereas for an initially straight beam, it is sudden, i.e., dP/dDϭ0 at PϭP cr .
Due to optical lithography based fabrication, micromechanical beams are straight with high accuracy. Any appreciable deviation ͑e.g., Ͼ0.5 m of a 500 m long and 1 m wide beam͒ can be detected by SEM. The boundary conditions of micromechanical beams can be ensured by appropriate design of supports.
The major concern for micromechanical beams is the internal stress. 11 These stresses arise from multiple layers of thin films that constitute the beam. Internal stresses may also be imposed on the beam by the actuator through their interconnection, because the actuator itself might be subjected to residual stresses. Hence, depending on the fabrication process, one needs to take adequate measures ͑such as annealing 12, 13 and choosing appropriate location for the attachment of the beam with the actuator͒ to free the beam from internal stresses.
It has been shown in Ref. 4 that for a slightly bent beam, initially free from any net axial force, the post buckling loaddeformation relation is close to an initially straight beam. The post buckling deformation of the beam is not very sensitive to initial imperfections. The reason for such weak sensitivity to initial imperfection is described in Ref. 14. Thus, in the rest of the paper, it is assumed that ϭ0, and that the beam is initially free from any net axial force. Then, Eqs. ͑7͒ and ͑8͒ reduce to
C. Force equilibrium
Consider again the actuator and the buckling beam in Fig. 1 
where P is the force shared by the buckled beam ͓Eq. ͑10͔͒ and R is the spring's restoring force
i.e., the springs restoring force is similar for ϩve and Ϫve ␦ due to symmetry. From Eqs. ͑10͒, ͑11͒, and ͑12͒
which implies that in a buckling experiment the square of the actuator voltage, V 2 , will functionally depend on ␦ according to Eq. ͑13͒. From such an experiment, one measures V and the corresponding transverse deformation, D, of the buckled beam. The axial deformation, ␦, can be calculated from Eq.
͑9͒. V
2 can then be plotted as a function of ␦. The data can be best fitted to
where ͑a 0 , a 1 , a 3 ,...͒ are the least-squares parameters. Comparing Eqs. ͑13͒ and ͑14͒, the calibration parameters of the actuator are obtained:
For most practical purposes, only the linear and the cubic spring constants, K 1 and K 3 , are of interest in which case the first two terms in the parenthesis of Eqs. ͑13͒ and ͑14͒ would suffice, since ␦ is expected to be several orders of magnitude less than 2L.
D. Cantilevered buckling beam
In the discussion on the initial imperfection of the buckling beam, it was realized that internal stresses may be imposed on the beam by the actuator through their interconnection. In order to ensure that the buckling beam is free from such stresses, the beam can be designed as a cantilever with a small gap of ␦ 1 between the actuator and the beam ͑Fig. 2͒.
The actuator in Fig. 2 , when actuated, first stretches the spring ͑i.e., in reality, it bends the supporting structural beams͒ and closes the gap, ␦ 1 , at a voltage of V 1 . Since ␦ 1 is small, the spring restoring force is linear. Hence
With further increase of voltage, the additional force is carried by the buckling beam until the force on the beam approaches P cr . After buckling, the actuator moves to the right, and the actuator force is equilibrated by the force, P, on the buckling beam and the restoring force, R, of the spring,
where, from Eqs. ͑10͒ and ͑12͒
Pϭ P crͫ 1ϩ
From a buckling experiment one obtains the data for V and ␦(D) ͓Eq. ͑9͔͒, which, together with measured ␦ 1 , gives a best-fit curve
Comparing Eqs. ͑17͒ and ͑18͒
␤ϭ P cr /a 0 and
For most practical purposes, (xϪ␦ 1 )/2LӶ1 ͑e.g., xϪ␦ 1 ϭ10 m, 2Lϭ1000 m͒, and only K 1 and K 3 will be of interest. Then the first two terms in the expansion of P ͓Eq. ͑16͔͒ will suffice. Equation ͑17͒
gives
From a buckling experiment, the measured values of V are related to the corresponding measured values of xϭ␦ 1 ϩ␦(D) according to
where a 0 , a 1 , and a 3 are the least-squares parameters of the best-fit curve through the data. Comparing Eqs. ͑20͒ and ͑21͒
E. Displacement measurement using buckling beam
Displacement can be measured with nanometer resolution using the buckling mechanism. A new novel method is proposed here as follows. The relative displacement of the ends of the buckled beam, ␦, is related to the transverse deformation, D, by Eq. ͑9͒. Thus, if Lϭ500 m, ␦ ϭ0.1 m, Dϭ4.5 m, i.e., the displacement is amplified by 45 times. 15 A change of D, dD, is related to a change of ␦,
The change of dD can be measured using a micromechanical vernier scale ͓see Figs. 5͑a͒ and 6͑a͔͒ and an optical microscope with a resolution of less than 0.5 m. Thus at D ϭ4 m, and for Lϭ500 m, a change of ␦ can be measured within 20 nm. Clearly, the sensitivity of the measurement of d␦ can be increased significantly if dD is measured in SEM, or measured electronically using a capacitive sensor.
III. ERROR ANALYSIS
The possible errors in the calibration of parameters, ␤, K 1 , and K 3 , obtained from the curve fitting algorithm, are estimated due to variations in measurements. There are two major sources of errors. These correspond to measurements of: ͑1͒ the cross-sectional dimensions of the calibrating beam, and ͑2͒ the initial gap, ␦ 1 , between the actuator and the calibrating beam. The modulus of elasticity, E, of the calibrating beam may also introduce errors and should be accounted for. In this article, however, SCS is used as the beam material. Its modulus is well characterized in the literature which will be used, and its error will be considered negligible.
A. Error in moment of inertia, I
Figure 3 shows a typical cross section of a calibrating beam ͑see also an SEM micrograph in Fig. 9͒ . The minimum moment of inertia, I, about the centroidal verticle axis for the section is given by Iϭ hw
where w, h, and c are defined in Fig. 3 
͑25͒
where Bϭw/2ϩc/3. Error in the evaluation of P cr is then given by
B. Error in the coefficients of Eq. "21…
Errors in the coefficients, a 0 , a 1 , and a 3 , are due to the error in the linear dimension ␦ 1 , d␦ 1 ϭdw. The solid line in Fig. 4 represents Eq. ͑21͒ (V 2 ϭa 0 ϩa 1 xϩa 3 x 3 ), the best-fit curve through the experimental data of V 2 and xϭ␦ϩ␦ 1 .
Due to error in ␦ 1 , d␦ 1 , let the data be shifted to the right by d␦ 1 . The dotted line is the best fit curve through the shifted data, and is given by
The dotted line can also be represented in terms of a 0 , a 1 , and a 3 by
Coefficients of Eq. ͑27͒ can be estimated by minimizing ͐ ␦ 1 ϩd␦ 1 ⌬ϩd␦ 1 (V shift ϪV) 2 dX with respect to b 0 , b 1 , and b 3 , i.e.,
where ⌬ is the maximum value of ␦ϩ␦ 1 obtained experi- The worst case errors are obtained from Eq. ͑22͒:
It is noted in Eqs. ͑25͒-͑29͒ that the errors in P cr and a 0 are linearly dependent on dwϭd␦ 1 . Equation ͑31͒ shows that da 3 , to first order, linearly varies with d␦ 1 . Since d␦ 1 Ӷ1 m, the higher order terms of d␦ 1 in da 3 are small. Thus the errors in the calibration parameters are also linearly dependent on dwϭd␦ 1 . In the following, the applicability of the calibration method is demonstrated by fabricating microinstruments consisting of actuators and their corresponding calibrating beams. The instruments are also employed to conduct a material test, namely, twisting of SCS bars until fracture. Each bar is twisted by a pair of identical ͑nominally͒ microinstruments. After the completion of the torsion tests, the instruments are calibrated, and their calibration coefficients are used to back calculate the stresses to failure of the silicon bars. The demonstration is an example of integrated microinstrumentation where the actuator, the material sample, and the calibration mechanism are all designed, patterned, and cofabricated. Figure 5 shows the schematic of a pair of microinstruments ͑L and R, not drawn to scale͒ for applying torque on a SCS pillar. The pillar is attached to the substrate, while at the top it is attached to a lever arm AB, released from the substrate. Each actuator is 1 m apart from the lever arm. Two of such pillars, designated by samples 1 and 2, are twisted and fractured by two pairs of microinstruments.
IV. MICROINSTRUMENTS FOR TORSION TEST
Each microinstrument consists of an actuator with 2000 comb capacitors and a calibrating buckling beam. The actuator has a rigid backbone, released from the substrate, and is held by six beams ͑springs͒. It ͑backbone͒ supports cantilever beams which carry the movable combs. A rigid frame, F, is attached to the backbone of the actuator L. The calibrating buckling beam is nominally 500 m long. It is held by a rigid support attached to the substrate. The free end of the beam is nominally 1 m away from the frame, F, of the actuator. There is a vernier scale in the middle of the beam which enables recording of the increments of the transverse displacement, D, of the buckled beam with 0.8 m resolution using an optical microscope. Thus, at a transverse deformation Dϭ4 m a change of ␦ can be measured with 20 nm resolution.
Two microinstruments, L and R of Fig. 5 , are identical to each other. The instruments as well as the samples are fabricated by the single-crystal reactive etching and metallization ͑SCREAM͒ process. 16, 17 Torsion samples are formed by partial release of silicon pillars. Region R 1 in Fig. 5 has a lower trench depth than the rest of the device. This is achieved by masking R 1 and by avoiding the second anisotropic silicon etch of the SCREAM process. Thus the height of the sample pillars are kept short in order to ͑1͒ reduce the total angle of twist required for fracture, and more importantly, ͑2͒ avoid metallization of the SCS torsion sample during sputtering, since a short sample pillar is veiled by the overhang of the SCREAM sidewalls. SEM micrographs of the fractured samples, shown later ͑Fig. 7͒, will reveal that it is indeed the case. After fabrication of the instruments, alu- The distance between the loading arm of the actuator and the center of the torsion pillar is indicated by X in Fig. 5 , where Xϭ6 m and 20 m for the sample pillars 1 and 2. Figure 5͑b͒ shows the SEM micrograph of a microinstrument with the calibration beam ͑left end͒ and the torsion sample ͑right end͒. Figure 6 shows the details of a calibrating beam and a close up of its left free end. Figure 7 shows the close ups of a torsion sample and part of the actuators. Figure 7͑a͒ shows that the sample floor is at higher elevation ͓region R 1 of Fig. 5͑a͔͒ than the floor of the device. Figure 7͑b͒ shows the torsion sample before and after wet etching of aluminum and silicon dioxide from the top and sides for clarity. Testing is carried out with these films.
V. TORSION EXPERIMENT AND CALIBRATION
Torsion experiment and calibration are carried out under optical microscope using a probe station. Two microinstruments are employed to apply torque on a sample pillar ͑Fig. 5͒. With the increase of voltage on each instrument, its actuator approaches the calibrating beam. As the gap, ␦ 1 , closes, the actuator also touches the lever arm of the torsion sample. The voltage is increased continuously on the actuator until the calibrating beam just buckles. The voltage on both the actuators are then increased equally. Consequently, the transverse deformation of the calibrating beam increases rapidly, while the actuators advance along the axial direction slowly, thus twisting the torsional sample. The applied voltages on both the actuators, the transverse deformation, D, of the buckling beams, and the angle of twist of the sample ͓using the angular scale ͑Fig. 5͔͒ are recorded. Voltages are increased until the pillars fracture. Figure 8 shows the twisting of a sample recorded under an optical microscope. Next, the actuators are calibrated. It is noted that for the torsion experiments the actuator displacement is small ͑xϪ␦ 1 Ͻ10 m, 2Lϭ1000 m͒, and hence only K 1 and K 3 of the actuator are of interest. Thus Eq. ͑22͒ will be used for calibration. Calibration of one of the actuators, denoted by 1L, is demonstrated in detail. The rest of the actuators ͑1L, 2L, and 2R͒ are calibrated identically.
First, the buckling load, P cr , for the calibrating beam of 1L is evaluated. Cross-sectional dimensions of the buckling beam are measured using a calibrated SEM ͑Stereoscan 440, Leica Cambridge Inc.͒. Its resolution is less than 5 nm, verified by measuring a standard grid. The cross section ͑Fig. 9, trapezoidal due to processing͒ can be obtained by cleaving the calibrating beam. Instead, the dimensions are obtained from a test cantilever beam, identical in design and placed adjacent to the calibrating beam. Figure 9 shows the test cantilever beam. Note that the angle of tilt has been considered while measuring the section. From the cross-sectional dimensions and the length of the calibrating beam, the critical buckling load is calculated, Figure 10͑a͒ shows such a buckled beam where the circles indicate the deformation predicted by Eq. ͑2͒ ͑see also Sec. VI͒. Figure  10͑b͒ shows a close up of a buckled beam near the vernier scales. The micrographs are recorded by an optical microscope. Figure 11 shows the values of V as a function of D.
The end displacements, ␦, of the beam, and hence the actuator displacements, xϭ␦ϩ␦ 1 , are calculated from Eq. ͑9͒. Thus the percentage errors in ␤, K 1 , and K 3 are 13%, 13.5%, and 16%, respectively.
B. Estimation of the linear spring constant, K 1
The linear spring constant, K 1 , of the actuator can be estimated from the stiffness of the individual beams or springs, and compared with the calibrated value. The stiffness, k 1 , of a beam, clamped at both ends, is given by 8 
where L is the length of the beam, and E is the modulus of elasticity of the material of the beam, I is the moment of inertia of the cross section about an axis normal to the direction of displacement. For a composite beam, EI should be replaced by ͚ i E i I i , where E i and I i are the modulus of elasticity, and the moment of inertia of the ith material section. Here, one of the beams of the actuator 1L is cleaved to evaluate its spring constant and assume that the rest of the five beams have similar constants. Figure 13 
C. Applied torque
Force, p, applied by the actuator at voltage, V, on the lever arm of the torsion sample is
In the torsion experiment, the axial motion of the actuator was small prior to fracture, and hence the contribution of the cubic term in Eq. ͑33͒ is small. Torque, T, applied by the two actuators ͑e.g., 1L and 1R͒ on the torsion sample is
where p L and p R are the forces due to the left and right actuators. Here Xϭ6 m for sample 1, and ϭ20 m for sample 2. Figure 14 shows the torque applied on the two samples as a function of the angle of twist. The angle is measured directly from the angular scale ͑Fig. 5͒ as well as from the value of ␦. The two angles match each other.
Voltages applied on the actuators 1L and 1R prior to fracture of the sample 1 are 46 and 43.6 V, respectively. The corresponding displacements, ␦, of the actuators are 0.5 and 0.425 m. Equations ͑33͒ and ͑34͒, together with the calibrated actuator parameters ͑Fig. 12͒, give the torque applied on sample 1 prior to failure: T 1 ϭ1174 N m. Similarly, prior to fracture of sample 2, the applied voltages on actuators 2L and 2R are 36 V ͑same for both actuators͒. The corresponding actuator displacements are 0.8 m and 0.75 m, respectively. Thus the applied torque is T 2 ϭ11848 N m.
An approximate shear stress to failure of the samples is evaluated as follows. It is noted that the cross section ͑par-allel to the wafer surface͒ of the torsional sample pillars coincide with the ͑100͒ direction of SCS. Also at mid-height of the pillars, their cross-sectional area is minimum and is approximately a square. The minimum cross-sectional dimensions are estimated prior to fracture by a calibrated SEM ͑Stereoscan 440, Leica Cambridge Inc.͒. They are (1 ϫ1 m 2 ) and (1.5ϫ1.6 m 2 ) for the samples 1 and 2, respectively.
The maximum shear stress on the cross section ͑͑100͒ plane͒, max , along the edge of the rectangle is given by 20 2.13 J/m 2 . Due to the inclined fracture plane, two cusps are formed in case of the shorter sample 2. These cusps are part of the lever arms of the torsion sample which were released from the substrate prior to the torsion experiment ͑Fig. 17͒. When the sample is tall and/or narrow, as in case of sample 1, such cusp are small ͑Fig. 15͒, or they may not form at all. The entire fracture surface is contained within the length of the pillar. Figure 14 shows that the torque-twist curve for the SCS torsion samples are linear until failure, implying very little or no nonlinear elastic or plastic deformation. This is attributed to apparent low stress to failure ͓less than 10% of the shear modulus ͑80 GPa͒ for ͑100͒ plane of SCS 21, 22 ͔. The failure might have initiated from a surface defect causing stress concentration.
Finally, note that the forces applied by the two actuators on the lever arm of a given torsion sample are unequal, for example, p L ϭ98.2 N and p R ϭ97.9 N for sample 1 prior to fracture. The force differential, ⌬pϭ͉p L Ϫ p R ͉, induces a small additional uniform shear stress on the cross section. It also induces a small moment, M ϭ⌬p⌬z, on the pillar ͑Fig. 18͒. However, the moment arm, ⌬z, is small (Ͻ0.5 m), because the SCREAM beams are slightly tapered and the point of contact between the lever arm of the torsion sample and the loading arm of the actuator is towards the lower end of the beam, as shown in Fig. 18 ͑also see SEM micrograph of Fig. 7͒ . Thus the effect of moment is also small compared to the applied torque ( p L ϩ p R )X, Xϭ6 or 20 m, and the above experiment generates almost pure torsion on the sample.
VI. REMARKS
Here the major assumptions of the calibration method, its limitations, and the design considerations of the calibrating beam are highlighted. ͑3͒ The accuracy of the calibration depends on the precision of the calibrating beam. Thus, its prescribed boundary conditions, and its uniformity along the length must be ensured. The beam must be free from any axial compressive force other than the force applied by the actuator during actuation. The elastic modulus of the material must also be well defined. ͑4͒ It is assumed that the compliance of the backbone of the actuator of Fig. 5 is negligible, i.e., the springs do not deform when the actuator applies compressive force P Ͻ P cr on the calibrating beam. Such deformation is indeed negligible compared to the post buckling deforma- 3 ӷGP cr within the range of interest of x(0 -5 m). ͑6͒ The methodology developed here is readily applicable to actuators that generate force, Fϭ␤I, where I is a function of the input, e.g., IϭV 2 for comb actuators, and temperature for thermal actuators. ͑7͒ The calibrating beam should be designed such that its buckling load, P cr , is well within the force range of the actuator. ͑8͒ The fracture experiments reported in this paper are intended to demonstrate the application of microinstruments for material characterization. The data of the failure stresses should not be considered as conclusive. ͑9͒ An optical microscope and a probe station were used to carry out the calibration and torsion experiments to demonstrate the simplicity and flexibility of the experimental setup. An SEM could be used to carry out the measurements, 23 or capacitine sensors can be designed to measure the displacements. ͑10͒ The method of calibration presented here needs verification by an independent check using a direct force sensor. Work is currently underway, and will be reported shortly.
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